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Abstract. Despite Ewing sarcoma (ES) being the second most 
common pediatric malignancy of bone and soft tissue, few 
novel therapeutic approaches have been introduced over the 
past few decades. ES contains a pathognomonic chromosomal 
translocation that leads to a fusion protein between EWSR1 
and an ets family member, most often FLI1. EWS‑FLI1 is 
the most common type of fusion protein and is a well‑vetted 
therapeutic target. A small molecule inhibitor of EWS‑FLI1, 
YK‑4‑279 (YK) was developed with the intention to serve as 
a targeted therapy option for patients with ES. The present 
study investigated resistance mechanisms by developing an 
ES cell line specifically resistant to YK. The ES cell line 
A4573 was treated with YK to create resistant cells by long 
term continuous exposure. The results revealed that resistance 
in A4573 was robust and sustainable, with a >27‑fold increase 
in IC50 lasting up to 16 weeks in the absence of the compound. 
Resistant ES cells were still sensitive to standard of care drugs, 
including doxorubicin, vincristine and etoposide, which may 
be valuable in future combination treatments in the clinic. 
Resistant ES cells revealed an increased expression of CD99. 
RNA sequencing and qPCR validation of resistant ES cells 
confirmed an increased expression of ANO1, BRSK2 and 
IGSF21, and a reduced expression of COL24A1, PRSS23 and 
RAB38 genes. A functional association between these genes 
and mechanism of resistance remains to be investigated. The 
present study created a cell line to investigate YK resistance.

Introduction

Ewing sarcoma (ES) is a malignancy of the bones and soft tissue 
that affects children and adolescents. Approximately 300 new 

cases are diagnosed each year in the USA, and it is the second 
most common bone and soft tissue cancer behind osteosar-
coma. Current standard of care for ES patients includes control 
of all sites of disease with surgery and/or radiation for local-
ized disease, usually combined with a multidrug chemotherapy 
regimen consisting of doxorubicin, vincristine, cyclophospha-
mide, etoposide and ifosfamide. Approximately two thirds of 
patients present with localized disease at the time of diagnosis, 
and 5‑year survival for these patients is >70% (1). For the 
one third of patients that present with metastatic disease at the 
time of diagnosis or patients with relapse, 5‑year survival rates 
are below 30% (1).

Approximately 85% of all ES cases contain a balanced 
chromosomal translocation [t(11;22)(q24;q12)] between the ES 
breakpoint region 1 (EWSR1) gene and the Friend leukemia 
integration site 1 (FLI1) gene (2). This fusion gene produces 
EWS‑FLI1, a true chimeric protein, with the amino‑terminal 
portion being derived from EWS and the carboxy‑terminal 
portion being derived from FLI1 (3,4). EWS is a member of 
the FET family of DNA and RNA binding proteins, and FLI1 
is a member of the E26 transformation specific (ETS) family 
of transcription factor. Expression of EWS‑FLI1 results in 
transformation (5‑7) and is a critical driver of ES malignancy 
as well as ES cell survival (3,8,9).

EWS‑FLI1 exhibits multiple functions in ES that contribute 
to oncogenesis, including transcription and post‑transcriptional 
mRNA splicing. The DNA binding domain of FLI1 is present 
in the fusion and binds to DNA at ETS binding sites containing 
GGAA motifs, while the EWS portion of the fusion protein 
functions as a transcriptional activator (8,10). Additionally, 
EWS‑FLI1 also binds to RNA helicase A (RHA/DHX9), a 
transcriptional coactivator, and localizes to promoter regions 
containing the ETS binding GGAA motifs where it then acts 
as a transcription factor and regulates gene expression (11). The 
transcriptional profile induced by EWS‑FLI1 promotes onco-
genic cellular processes. EWS‑FLI1 has also been implicated 
in RNA processing events. EWS‑FLI1 is capable of directly 
binding to RNA and inhibiting the helicase function of RHA, 
potentially altering RNA metabolism (12).

One of the first reports of EWS‑FLI1 being actively 
involved in splicing mechanisms demonstrated that EWS‑FLI1 
inhibited splicing from occurring by interfering with the 
activity of serine‑arginine splicing factors, thereby yielding 
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alternatively spliced transcripts (13). EWS‑FLI1 interacts with 
several spliceosome proteins including U1, U2, U5, and U4/6, 
which play a role in 5' splice site selection (14‑16). EWS‑FLI1 
expression induces expression changes as well as isoform 
shifts of several genes where it also differentially regulates 
gene expression including cyclin D1 and TERT (16,17). The 
alternatively spliced isoforms of these genes produced by 
EWS‑FLI1 expression display enhanced functional capabili-
ties that increase the oncogenic potential of the cell.

YK‑4‑279 (YK) is a small molecule that was synthesized 
from a lead compound discovered by a surface plasmon 
resonance screen for direct binding to EWS‑FLI1  (18,19). 
YK disrupts the interaction between EWS‑FLI1 and RHA, 
inhibiting transcription of target genes and restoring RHA 
helicase activity  (12,18). YK also blocks the interaction 
between EWS‑FLI1 and members of the spliceosome, indi-
cating that treatment with the compound also effectively 
targets the splicing modulation of EWS‑FLI1. Importantly, 
YK effectively inhibits xenograft tumor growth in vivo (20). 
A synergistic relationship exists between YK and the standard 
of care chemotherapeutic agent vincristine in vitro, providing 
further evidence that this drug has high clinical value in the 
context of ES (21). YK is a chiral molecule, with the (S) enan-
tiomer [(S)‑YK] as the active enantiomer. YK is also effective 
at inhibiting other members of the ETS family of transcription 
factors such as ERG and ETV1 in prostate cancer (22‑24), and 
may be of clinical value in other diseases such as neuroblas-
toma (25,26).

An analog of YK called TK216 is currently undergoing 
a phase 1 clinical trial, and it appears likely that it will move 
forward to phase 2 (27). With any targeted agent, there is a 
possibility that resistance to the drug may develop in patients. 
We developed an ES cell line which acquired resistance to the 
(S) enantiomer of YK (referred to herein as YK) with the goals 
of better understanding the biology of ES cells after prolonged 
exposure to YK and identifying any potentially targetable 
changes in cells which have acquired resistance. In the future, 
tumor samples can be collected from patients with relapse and 
compared to cell line data from this manuscript. If a similar 
gene expression pattern is observed, the YK resistant cell line 
generated here may become a useful tool to study resistance 
mechanisms in this disease.

Materials and methods

Compounds. All compounds were dissolved in 100% DMSO 
(ThermoFisher Scientific, Inc.). YK was obtained from AMRI 
Global. Etoposide, imatinib, and vincristine were purchased 
from Selleckchem. Doxorubicin and verapamil were purchased 
from MilliporeSigma.

Cell culture and development of YK resistant cell lines. 
A4573 sensitive and resistant (A4573‑R) cell lines were 
maintained in RPMI (Thermo  Fisher Scientific, Inc.) 
with 10%  FBS (MilliporeSigma) and 10  mM HEPES 
(Thermo Fisher Scientific, Inc.). TC71 sensitive and resis-
tant (TC71‑R) cell lines were maintained in RPMI with 
10% FBS. TC71‑R cells were maintained in flasks coated 
with collagen. Cells were maintained at 37˚C in a humidified 
atmosphere containing 5% CO2. All cells tested negative 

for mycoplasma infection using MycoAlert Detection kit 
(Lonza) according to manufacturer's protocol. A4573‑R 
and TC71‑R cell lines were developed by adding YK to the 
growth media at the concentration equivalent to the IC50 of 
sensitive cells. As resistant cells regained normal growth 
rates in the presence of YK, a new IC50 value was deter-
mined and the concentration of YK in the growth media 
was increased to 90% of the IC50 value. This was repeated 
until either a desirable degree of resistance was achieved 
(A4573‑R) or the cells could no longer tolerate higher 
concentrations (TC71‑R). All cell lines were passaged upon 
reaching 75‑85% confluence at a ratio of 1:10. Resistant cell 
lines were passaged upon reaching 80‑90% confluence at a 
ratio of 1:3 while increasing YK concentration and at a ratio 
of 1:5 once a stable YK concentration was reached.

Cell viability assays. Cell viability assays were performed 
using WST‑1 (MilliporeSigma) according to the manufactur-
er's protocol. For 24‑h compound treatment, cells were plated 
in a 96‑well plate at a density of 10,000 cells/well for sensitive 
cells and 15,000 cells/well for resistant cells. Twenty‑four‑hour 
treatment was performed for YK, doxorubicin, and etoposide 
in 100 µl volumes. For 48‑h treatment, cells were plated in a 
96‑well plate at a density of 5,000 cells/well for sensitive cells 
and 10,000 cells/well for resistant cells. Forty‑eight‑hour treat-
ment was performed for vincristine, and imatinib in 200 µl 
volumes.

RNA isolation and RT‑qPCR. RNA was isolated using RNeasy 
Mini kit (Qiagen) according to the manufacturer's protocol. 
Reverse transcription (RT) was performed to produce cDNA 
using SuperScript VILO cDNA Synthesis Kit (Invitrogen; 
Thermo Fisher Scientific, Inc.) according to the manufac-
turer's protocol. Quantitative PCR (qPCR) was performed on 
a Roche LightCycler 480 II (Basel) using KiCqStart SYBR 
Green  qPCR ReadyMix (MilliporeSigma) per the manu-
facturer's protocol. Primer pairs used for qPCR are listed in 
Table SI. A PCR profile of 95̊C for 10 min (1 cycle), 95̊C 
for 15 sec followed by 59̊C for 30 sec followed by 72̊C for 
40 sec (40 cycles), 95˚C for 5 sec followed by 65̊C for 1 min 
(1 cycle) was used. Data were analyzed for expression relative 
to 18S rRNA using the 2‑∆∆Cq method (28).

RNA sequencing and analysis. RNA was isolated using a 
RNeasy Mini kit (Qiagen) according to manufacturer protocol. 
Sequencing libraries were generated from total mRNA using 
a TruSeq RNA Library Prep kit (Illumina) and sequenced on 
an Illumina HiSeq 2500 (Illumina). Reads were trimmed and 
adapters were removed using trimmomatic  (29). Trimmed 
reads were aligned using STAR to human genome version 
GRCh38 with GENCODE annotation v27 (30). Unstranded 
gene‑wise counts were assessed using htseq‑count with the 
union parameter. Differential expression was assessed using 
the R package edgeR (31).

Orthotopic mouse xenograft model. A4573 xenograft tumors 
treated with YK were obtained from a previously published 
mouse study (21). Tumor samples were flash frozen in liquid 
nitrogen and stored at ‑80˚C until time of protein extraction for 
western blot analysis.
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Cell lysis, SDS‑PAGE, and western blotting. Cells in culture 
were lysed using phospholysis buffer (50 mM HEPES pH 7.9, 
100 mM sodium chloride, 4.0 mM sodium pyrophosphate, 
10 mM EDTA, 10 mM sodium fluoride, and 1% Triton X‑100 v:v) 
containing 2.0 mM sodium vanadate, 1.0 mM PMSF, 4.0 µg/ml 
aprotinin, 4.0 µg/ml leupeptin, and 1.0 µg/ml calyculin A. For 
tumor tissue, between 60‑80 mg of frozen tissue was homog-
enized with a mortar and pestle with liquid nitrogen base 
and lysed using phospholysis buffer. Protein concentration 
was determined by bicinchoninic (BCA) assay using Pierce 
BCA Protein assay reagents (Thermo Fisher Scientific, Inc.) 
following the manufacturer's protocol. Samples were dena-
tured after adding the appropriate volume of 5X Laemmli 
buffer. Concentrations and volume of samples were equal-
ized using 1X Laemmli buffer prior to electrophoresis. Gels 
(12% polyacrylamide) were run at 150 V for 1.5‑2 h. Protein 
transfer to Immobilon‑P PVDF membrane (MilliporeSigma) 
was performed at 4˚C either overnight at 330 mAmp or for 3 h 
at 1,000 mAmp. Membranes were blocked in 5% non‑fat dry 
milk in 1X TTBS (20 mM Tris‑HCl, pH 7.5, 150 mM NaCl, 
0.5% Tween‑20 v:v) for one hour at room temperature. Three, 
five‑minute washes were performed with 1X TTBS. Primary 
antibody was diluted 1:1,000 in 5% BSA (MilliporeSigma) in 
1X TTBS and incubated overnight at 4˚C. Primary antibodies 
used were anti‑CD99 (ab75858, rabbit monoclonal, Abcam) 
and anti‑FLI1 (MBS301248, rabbit polyclonal, MyBioSource). 
Three, five‑minute washes were performed with 1X TTBS. 
Secondary rabbit antibody (NA934‑1ML, GE Healthcare) was 
diluted 1:5,000 in 5% non‑fat dry milk in 1X TTBS and incu-
bated for one hour at room temperature. HRP‑conjugated actin 
antibody (sc‑1615, Santa Cruz Biotechnology, Inc.) was diluted 
1:5,000 in 5% non‑fat dry milk in 1X TTBS was incubated 
for 2 h at room temperature following blocking. Blots were 
developed using Immobilon Western Chemiluminescent HRP 
Substrate (MilliporeSigma) according to the manufacturer's 
protocol. A Fujifilm LAS‑3000 system was used to detect chemi-
luminescence and image blots. To reblot membranes if needed, 
antibodies were stripped using Restore Western Blot Stripping 
Buffer (Thermo Fisher Scientific, Inc.) and the blotting process 
was repeated no more than one time. Protein quantification was 
performed using open source ImageJ software.

Statistical analyses. All statistical analyses were performed 
using GraphPad Prism software, version 8.0.2 (GraphPad 
Software, Inc.). All data are presented as the mean ± standard 
error of the mean. IC50 values were determined by non‑linear 
regression. The statistical difference between IC50 values was 
determined by Student's t‑test or ordinary one‑way analysis 
of variance with a Tukey's multiple comparisons test. The 
statistical difference between gene expression levels was 
determined by one‑way analysis of variance with a Tukey's 
multiple comparisons test.

Results

A4573 cells developed robust resistance to YK. In order to 
investigate potential molecular mechanisms that may lead to 
YK resistance in ES, we attempted to develop two YK resistant 
ES cell lines (A4573‑R and TC71‑R). YK was added to the 
growth media at the concentration equivalent to the IC50 of 

A4573 (0.54 µM) and TC71 (0.88 µM) cell lines. As resistant 
cells regained normal growth rates in the presence of YK, a 
new IC50 value was determined and the concentration of YK in 
the growth media was increased to 90% of the new IC50 value. 
Both A4573‑R and TC71‑R were able to tolerate increasing 
doses of YK until a desirable level of resistance was achieved or 
higher YK concentrations could no longer be tolerated (Fig. S1). 
A4573‑R was utilized as the primary cell line for all subsequent 
experiments. After 550 days in culture with YK, A4573‑R 
demonstrated significant resistance to YK as compared to 
sensitive A4573 cells (Fig. 1A, sensitive IC50, 0.54 µM; resis-
tant IC50, 14.9 µM; P<0.0001). TC71 cells were less efficient 
in resistance development. Even though they showed an initial 
7‑fold increase in IC50 values (Fig. S1), they did not maintain 
that level of resistance. By day 360 the IC50 for TC71‑R cells was 
1.9 µM compared to 0.6 µM of sensitive cells (Fig. S2). In order 
to test if the resistance was maintained in the absence of YK 
in A4573‑R cells, viability assays were performed at various 
points following YK removal from the media. We observed 
a decrease in IC50 values over 16 weeks in drug‑free media. 
However, A4573‑R cells still maintained significant resistance 
to YK compared to sensitive cells (Fig. 1B).

Resistance to YK is specific. A common mechanism for cancer 
cells to gain drug resistance is increased expression and/or 

Figure 1. Development of a YK resistant A4573‑R (A4573‑R) cell line. 
(A) A4573 cells developed a significant resistance to YK, exhibiting a near 
30‑fold increase in IC50. (B) A4573‑R cells maintained resistance to YK in 
the absence of the compound in media for 16 weeks. IC50 values for 1 week, 
4 weeks and 16 weeks are presented. YK, YK‑4‑279; R, resistant.

https://www.spandidos-publications.com/10.3892/mmr.2020.10948
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activity of efflux pumps, such as P‑glycoprotein, which can 
provide resistance to multiple chemotherapeutic agents. In 
order to test if this mechanism was involved in YK resis-
tance, viability assays were first performed using the efflux 
pump P‑glycoprotein inhibitor verapamil in combination with 
YK. A4573‑R did not display heightened sensitivity to YK 
with increasing verapamil treatment (Fig. 2A). This finding 
suggests that A4573‑R resistance to YK is unlikely a result 
of increased P‑glycoprotein efflux pump expression and/or 
activity. However, there are a number of mechanisms through 
which cells may develop multidrug resistance. Our data does 
not rule out these possibilities which need to be investigated 
further. Further, A4573‑R cells did not exhibit cross resis-
tance to three of the ES standard of care drugs: Doxorubicin, 
vincristine, and etoposide (Figs. 2B‑D and S2B‑D for TC71). 
There was even increased sensitivity to etoposide and vincris-
tine in the A4573‑R cell line. In a similar study characterizing 
ES resistance mechanisms to YK, Lamhamedi‑Cherradi et al 
reported that YK resistant cell lines were cross resistant to the 
tyrosine kinase inhibitor imatinib (32). In our study, A4573‑R 
cells did not display cross resistance to imatinib (Fig. 2E).

EWS‑FLI1 expression is unchanged and CD99 expression 
is increased in resistant cells. To address the possibility that 
resistance is due to differential expression of EWS‑FLI1, 
the target of YK, EWS‑FLI1 expression was quantified at 
both the RNA and protein levels. Expression of CD99 was 
also assessed, as this protein is important in ES biology. 
RNA expression of these two genes was evaluated longi-
tudinally: At days 236, 437 and 584 for A4573‑R (Fig. 3A), 

Figure 3. CD99 expression is increased in A4573‑R cells. (A) Quantitative 
PCR analysis was performed for EF, CD99 and 18S ribosomal RNA in A4573 
sensitive cells and resistant cells at multiple timepoints. CD99 RNA expres-
sion is significantly elevated compared with sensitive cells at all timepoints. 
*P<0.05 and ****P<0.0001 vs. sensitive. (B) Western blot anlaysis of CD99 and 
EF in A4573 sensitive and resistant cells. Expression levels were calculated 
using densitometry analysis relative to sensitive cell lines. CD99 expression 
is elevated in A4573‑R cells. R, resistant; EF, EWS‑FLI1.

Figure 2. A4573‑R resistance to YK is specific. (A) Treatment with increasing concentrations of the p‑glycoprotein pump inhibitor, verapamil, does not affect 
A4573‑R's sensitivity to YK. IC50 values for each condition are presented. Viability curves comparing sensitive and resistant cell lines with (B)  doxoru-
bicin, (C)  vincristine, (D)  etoposide and (E)  imatinib are provided. A4573‑R cells did not exhibit cross‑resistance to any of these compounds. R, resistant; 
YK, YK‑4‑279.
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and at days 181, 342 and 489 for TC71‑R (Fig. S3A). CD99 
RNA expression was consistently increased significantly 
as compared to sensitive cells at all time points evaluated. 
EWS‑FLI1 RNA expression was only significantly increased 
at day 437 for A4573 and day 342 for TC71, and returned 

to levels not significantly different from sensitive cells at 
the following time point for both cell lines. EWS‑FLI1 and 
CD99 protein expression was also evaluated in both cell 
lines. Relative to sensitive cells, CD99 protein expression was 
increased nearly 2.4‑fold in A4573‑R cells (Fig. 3B). Similarly, 
TC71‑R exhibited a 1.75‑fold increase in CD99 protein expres-
sion (Fig. S3B). EWS‑FLI1 protein expression does not appear 
to be affected by acquisition of resistance.

CD99 expression is elevated within five days of YK treatment 
in vivo. Mice with sensitive A4573 xenograft tumors were 
treated with YK by IP injection daily over the course of five 
days. DMSO was used as vehicle control, and three escalating 
dose groups of YK were observed: 10, 50 and 100 mg/kg. All 
YK‑treated groups exhibited elevated levels of CD99 protein 
expression vs. the DMSO control group (Fig.  4A  and C ). 
Tumor volumes between the DMSO control and YK‑treated 
groups did not significantly differ after five days of treatment 
(Fig. 4B). These data suggest that elevation of CD99 expression 
is an early effect of YK treatment and subsequent development 
of resistance. We tried to inhibit CD99 expression by siRNA 
and perform drug sensitivity studies in resistant cells but we 
could not achieve good reduction in protein levels. Since inhi-
bition of CD99 results in death of ES cells, this finding was 
not surprising.

RNA sequencing revealed candidate genes involved in 
resistance mechanisms and expression was validated by 
RT‑qPCR. RNA sequencing of A4573 and TC71 sensitive and 
resistant cells was performed on day 236 and 181 of culture 
respectively to identify differentially expressed genes. For 
each cell line, data sets were filtered for genes with at least a 
2‑fold change in expression. The A4573 and TC71 filtered data 
sets were compared to determine the genes with expression 
changes that were shared between the two cell lines. From this 
pool of 152 genes (Table SII), a second filter of 4‑fold change 

Figure 4. YK treatment of A4573 xenografts results in an elevated expression of CD99 in vivo. (A) Western blot analysis for CD99 expression in tumors 
collected after 5  days of YK treatment at concentrations of 10, 50 and 100 mg/kg, or DMSO control treatment. (B) Tumor volume at endpoint. No significant 
difference was identified between the groups. (C) Densitometry quantification of western blotting relative to DMSO control tumor expression. Circles represent 
individual samples. CD99 expression was significantly elevated in all treatment groups. *P<0.05 and ***P<0.001 vs. DMSO. YK, YK‑4‑279.

Figure 5. Quantitative PCR for upregulated genes identified through RNA 
sequencing in A4573 cells. Relative expression was evaluated at multiple 
time points in resistant cells compared with sensitive cells. (A) ANO1, 
BRSK2, and IGSF21 were upregulated. (B) COL24A1, PRSS23 and RAB38 
were downregulated. *P<0.05, **P<0.01 and ***P<0.001 vs. sensitive. ANO1, 
anoctamin 1; BRSK2, BR serine/threonine kinase 2; IGSF21, immunoglob-
ulin superfamily member 21; COL24A1, collagen type XXIV alpha 1 chain; 
PRSS23, serine protease 23; RAB38, Ras‑related protein Rab‑38.

https://www.spandidos-publications.com/10.3892/mmr.2020.10948
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in expression was applied in order to narrow down potential 
candidates. Expression of these candidate genes was evaluated 
in resistant cells. Three upregulated and three downregulated 
genes were validated in triplicate by RT‑qPCR in both A4573 
(Fig. 5) and TC71 (Fig. S4).

The three top upregulated genes were ANO1, BRSK2, 
and IGSF21, and the three top downregulated genes were 
COL24A1, PRSS23, and RAB38. Expression of all three 
candidate upregulated genes, ANO1, BRSK2, and IGSF21, 
showed significant upregulation by qPCR at the time of RNA 
sequencing in A4573‑R cells (Fig. 5A). High ANO1 expres-
sion was maintained in both cell lines over time. Expression 
of all three candidate down‑regulated genes, COL24A1, 
PRSS23, and RAB38, displayed significant down‑regulation 
at all timepoints in A4573‑R cells as compared to sensitive 
cell expression (Fig. 5B). Further mechanistic investigation of 
these gene expression changes is needed.

Discussion

This study created cell lines that are resistant to YK for 
purposes of planning future combinatorial studies to avoid 
single agent resistance. In this body of work, we attempted to 
establish resistance to the EWS‑FLI1 inhibitor (S)‑YK in two 
of the commonly used ES cell lines A4573 and TC71. These 
two cell lines were chosen because they each harbor a different 
version of the EWS‑FLI1 fusion; TC71 has a type 1 fusion 
and A4573 has a type 3 fusion. The cell line A4573 developed 
sustained, and specific resistance to YK over time to levels 
that was consistent with published resistance models  (33). 
However, the resistance in cell line TC71 was not as stable and 
over a 1‑year period of time did not show a significant resis-
tant phenotype. Future work will also include combinatorial 
testing with compounds known to be synergistic with YK (21).

No cross‑resistance was observed to any of the current 
standard‑of‑care drugs that were tested. Also, resistant cells 
did not become more sensitive to YK when treated in combi-
nation with the p‑glycoprotein inhibitor verapamil, indicating 
that the efflux pump p‑glycoprotein, which is often associated 
with multidrug resistance mechanisms, is not the main driver 
of resistance in A4573‑R cells. Cancer cells can acquire multi-
drug resistance through multiple mechanisms. Measurement 
of YK concentration within A4573‑R cells by mass spectrom-
etry and comparing it to sensitive A4573 cells may provide 
evidence for augmented drug metabolism or accelerated efflux 
of the drug by an alternate pathway. A4573‑R cells exhibited 
an increased sensitivity to the standard‑of‑care drugs etopo-
side and vincristine. We did not observe the same phenotype 
in TC71‑R cells. Since YK and vincristine show synergy (21), 
A4573‑R cells that have stronger and sustainable YK resistance 
may also have acquired better sensitivity to etoposide and 
vincristine compared to the TC71‑R cells that had a weaker 
YK resistance. Alternatively, the observed difference may be 
an artifact of selection during development of resistance and 
maintenance.

An avenue that was not explored through this study was 
the possibility that resistance emerged due to a mutation 
in EWS‑FLI1. Sequencing of both sensitive and resistant 
cells could be performed to evaluate EWS‑FLI1 mutation 
status. Any mutation identified would need to be validated 

by re‑development of resistant lines, as the current cell lines 
have been in culture with YK for over a year and it would be 
impossible to decipher if resistance arose due to the mutation. 
In the developed resistant lines, YK viability assays could be 
performed in conjunction with DNA collection to determine if 
the acquisition of resistance coincides with the mutation pres-
ence. Any mutations in EWS‑FLI1 that arise simultaneously 
with acquired resistance may be associated with binding site 
of YK, and could help shed light on the location of YK binding 
to the EWS‑FLI1 fusion protein.

There is another publication characterizing ES resis-
tance to YK. While resistance to YK was established, 
Lamhamedi‑Cherradi et al found that resistant cells became 
cross‑resistant to the tyrosine kinase inhibitor imatinib (32). 
Despite creating a resistant cell line with a similar level of 
resistance to YK (~28‑fold increase), the YK resistant cells 
developed in this body of work did not demonstrate cross 
resistance to imatinib. One reason this difference might have 
occurred is the method by which the cells were made resis-
tant. In the previous study, sensitive cells were exposed to a 
high 3 µM concentration of YK and subsequently maintained 
at that concentration for an unspecified amount of time. In 
this study, the concentration of YK in the growth media was 
gradually increased over time as tolerated by the cells, and 
maintained in culture for >1 year. This distinct difference 
in development of resistant cell lines may be inadvertently 
highlighting the differences between cells that are intrinsi-
cally resistant vs. those that acquire resistance. In the context 
of a tumor, cells with intrinsic resistance exist, and more 
cells will acquire resistance as treatment is sustained (34). 
By exposing ES cells to especially high concentrations of 
YK, Lamhamedi‑Cherradi et al (32) created clonal popula-
tions of cells, which presumably harbor intrinsic resistance 
mechanisms to YK. One of those mechanisms potentially 
also contributed to cross‑resistance of imatinib. In this study, 
gradually increasing the concentration of YK present created 
resistant populations of cells by allowing cells to acquire 
resistance to the drug. While there may be a proportion of 
cells in this resistant population that possess an intrinsic resis-
tance to imatinib, the data presented here do not demonstrate 
that possession of this capability is necessary for resistance to 
YK. However, resistance to imatinib should be an important 
consideration when determining revised treatment strategies 
in eventual cases of TK216 resistance in patients.

Even though the IC50 values were gradually increasing, 
resistant A4573 cells were able to maintain the phenotype 
in the absence of YK for up to 16 weeks. This signals that 
the resistant population acquired changes that facilitated 
resistance to but were independent of YK treatment. In other 
words, the mechanisms driving YK resistance became fixed 
cellular processes after an extended period of exposure to YK. 
These data and the current structure of treatment highlight the 
necessity of understanding the driving mechanisms of resis-
tance. An important caveat to note is that resistant cells were 
in culture with YK for over one year at the time the washout 
experiment began. This is a long period of time for cells and 
may not accurately reflect changes that occur in humans with 
ES. Future experiments are required to determine if this 
phenomenon exists in cells exposed to YK for shorter periods 
of time.
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CD99 unexpectedly emerged as an upregulated protein 
in YK resistant cells. CD99 RNA and protein expression was 
elevated in both the A4573‑R and TC71‑R cell lines. A4573 
xenograft tumors in vivo exhibited elevated CD99 expression 
after just five days of YK treatment with no differences in 
tumor volume. This five‑day evaluation of xenograft tumors 
was done as an early phase pharmacodynamic marker in a 
previous study (21). We do not believe that these xenograft 
tumors are resistant to YK yet. We have performed several 
mouse xenograft studies with ES cell lines (including A4573) 
and YK (18,20). In control groups, the tumor volume grew 
exponentially but in the YK treatment groups the tumor 
volume stayed close to unchanged. Through histopathological 
analysis we observed increased apoptosis, reduced mitosis, 
and reduced expression of EWS‑FLI1 target genes in these 
tumors  (20). Therefore, there was a clear and significant 
drug effect on tumor growth. Lack of tumor shrinkage was 
primarily due to the relatively poor pharmacokinetic profile 
of YK. When we performed similar studies in rats with ES 
cell line xenografts, we observed tumor shrinkage because 
we were able to deliver the drug through a continuous IV 
infusion. In mouse studies, IP or IV bolus injections do not 
deliver enough drug to maintain serum levels that would cause 
tumor shrinkage. The patients in the current clinical trial are 
receiving the drug with continuous IV injection for 14‑21 days.

There is a correlation between EWS‑FLI1 expression 
and CD99 in ES cell lines. The CD99 promoter contains a 
consensus ets binding site, which shows EWS‑FLI1 binding by 
ChIP assay (35). There is evidence that EWS‑FLI1 may induce 
CD99 expression (36‑38). Therefore, one might expect to see 
reduced CD99 expression following inhibition of EWS‑FLI1 
activity by YK. However, the observed increase in CD99 
expression in A4573‑R cells suggest a compensation mecha-
nism, which further highlights the biological importance of 
CD99 for ES cell survival.

Increased CD99 expression has been reported previously 
in a resistant population of cells, which poses an intriguing 
question surrounding the role of CD99 in resistance mecha-
nisms. Aldegaither and colleagues developed a squamous 
cell carcinoma line that was resistant to antibody‑dependent 
cell‑mediated cytotoxicity (ADCC) (39). Under ADCC condi-
tions, targeting antibodies direct binding of effector natural 
killer cells to cancer cells to create an immune synapse. Upon 
effector cell binding to the cancer cells through the target 
antibody, the effector cells release perforins and granzymes, 
which cause apoptosis to occur in the cancer cell. In their 
model system, CD99 expression is increased 16‑fold in the 
ADCC resistant cells. Their study did not explore the role of 
CD99 in maintenance of the resistant phenotype. This study 
did not explore the mechanisms through which YK treatment 
induced high CD99 expression. It would be intriguing to 
assess if CD99 is playing a role in YK resistance specifically 
or has a role in more general resistance mechanisms. Cell lines 
could be established that are resistant to other drugs and CD99 
expression could be evaluated. If CD99 expression is elevated, 
this would suggest that a role for CD99 exists in a broader 
context of resistance.

RNA sequencing of resistant and sensitive cells revealed 
six top candidate genes that may be involved in YK resistance 
mechanisms, and their expression was validated in both A4573 

and TC71 resistant cell lines by qPCR. The top upregulated 
genes are the calcium activated chloride channel ANO1, the 
serine/threonine kinase BRSK2, and the immunoglobulin 
family member IGSF21. The top downregulated genes are 
the collagen COL24A1, the serine protease PRSS23, and 
the Ras‑related GTPase RAB38. The threshold for candidate 
genes to validate by qPCR was set high at a 4‑fold change 
cut‑off mark. These six genes consistently exhibited expected 
expression levels in resistant cells at all points in time evalu-
ated for A4573, with the one exception being IGSF21 at the 
latest time point. There were some inconsistencies in TC71‑R 
expression of BRSK2 and PRSS23. For BRSK2, gene expres-
sion did not match what was observed by RNA sequencing, 
but expression increased as time progressed. For PRSS23, 
expression was not downregulated at any of the timepoints 
beyond RNA sequencing at day 181. This may be due to a 
change in culture conditions following RNA collection for 
RNA sequencing‑cells were not thriving on plastic and were 
transferred to culture in collagen‑coated flasks for all points 
forward. It may be possible that of the 149 genes returned 
after the initial cut off of 2‑fold change would have been 
validated by qPCR and are important in resistance mecha-
nisms. A larger qPCR screen would be required to make this 
determination.

Of the validated candidate genes, one that could be inter-
esting to investigate further would be ANO1. ANO1 is utilized 
as a diagnostic marker in gastrointestinal stromal tumors, but its 
functional role is still under investigation (40‑42). Interestingly, 
ANO1 has been functionally associated with c‑kit, which was 
one of the genes identified by Lamhamedi‑Cherradi et al (32)
to be upregulated in their YK resistant cells (43). Given that 
CD99 is a critical player in resistance mechanisms and has 
been associated with ion channels previously (44), it would be 
interesting to see if ANO1 is associated with CD99‑dependent 
YK resistance in ES cells. Knockdown of ANO1 by siRNA in 
resistant cells and subsequent assessment of sensitivity to YK 
would need to be performed to determine if this protein is also 
important in YK resistance mechanisms.

We developed a model of YK resistance in A4573 ES cells 
in culture. The cell line maintained a stable resistance that was 
not consistent in both cell lines, so this opens future opportuni-
ties for mechanistic investigation. Several genes were identified 
that may have a role in resistance mechanisms. Future studies 
are needed to determine their significance, particularly ANO1. 
Overall, this study contributes new information regarding the 
biology of ES and may lead to a better understanding of CD99.
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